The photostability of the nonlinear optical dye, Hemi-22, improves upon encapsulation in DNA thin films. The interactions of Hemi-22 with DNA, along with the intrinsic properties of DNA are responsible for these remarkable improvements in the photostability of the dye in comparison to the dye in a poly͑methyl methacrylate͒ as a control. © 2009 American Institute of Physics. ͓doi:10.1063/1.3262944͔
Thin polymeric films doped with organic dyes have wide applicability in fields such as solid-state dye lasers, displays, sensors, and optical amplifiers. The particular interest in these systems is due to their wavelength tunability, low cost, and ease of processing into films and fibers. 1 However, the extent of dye loading, and consequentially optical gain, is restricted by the tendency of dyes to form nonfluorescent aggregates. Apart from this, organic luminophores, when subjected to repeated excitation, tend to photooxidize or photodimerize, which results in permanent destruction of luminance. An ideal polymeric host would prevent dye aggregation while simultaneously providing photostabillity to the dye molecules. The encapsulation of dye molecules represents an efficient way to control both the photophysical and the photochemical properties of the dye. Dye-loaded nanomaterials such as mesoporous silica 2 and dendrimers 3 have been reported as efficient encapsulation materials by providing population isolation and conformational restriction to the dyes; however, these systems cannot be processed or prepared in a manner as simple as polymeric materials.
Although in its infancy, DNA based films are promising candidates for optoelectronic applications due to observed amplified spontaneous emission ͑ASE͒, enhanced fluorescence, low optical loss and nearly zero background emission. 4 We have previously demonstrated that 4-͓4-͑dimethylamino͒stylyl͔-1-dococylpyridinium bromide ͑Hemi-22͒ dye-doped DNA complexes can be fabricated into nanophotonic wires, and we have shown enhanced fluorescence resultant from both the DNA structure and its solidstate morphology. 5 Furthermore, we have demonstrated that white light emitting nanofibers can be fabricated by exploiting the structural features of DNA and its interaction with multiple dyes. 6 With an increasing interest in utilizing DNA as an optoelectronic material, it is essential to assess and develop a better understanding of the dye-DNA interactions in the solid state. In this letter, we communicate the photochemical properties of Hemi-22 doped DNA films. Hemi-22 has been proven to exhibit fluorescence enhancement in DNA thin films. The lasing action of Hemi-22 in DNA has also been confirmed. 7 Herein, the enhancement of the photostability of the dye upon encapsulation in DNA thin films is demonstrated in comparison to the dye encapsulated in a conventional acrylate polymer.
For the present study, we have utilized a complex of DNA ͑molecular weight approximately 300 kDa͒ with the cationic surfactant hexadecyltrimethylammonium-chloride ͑CTMA͒ to impart organic solubility to DNA. The complex, in the solid state, assembles into three-dimensional ͑3D͒ lamellar structures of alternating layers of DNA and CTMA, maintaining the native double helical structure of the DNA. 6, 8 Encapsulating DNA interacting dye molecules in this 3D ordered structure could potentially provide the isolation of individual dye molecules necessary for increased photostability. To investigate this hypothesis, we have used the conventional polymer matrix poly͑methyl methacrylate͒ ͑PMMA͒ as a control. The solutions of dye doped DNA and PMMA ͑molecular weight 75 kDa͒ are made using ethyl alcohol:chloroform ͑2:1 w/w͒ and chloroform, respectively. Uniform films are fabricated by spin coating at 2000 rpm for 2 min from 4% ͑w/w͒ solutions.
The dye, Hemi-22, is a proven nonlinear optical material. 7 The dye consists of an amino group at one end and an alkyl-pyridinium group at the other. The family of dyes consisting of these groups has shown a solvatochromic effect. In polar solvents, the dye exhibits a redshift in both emission and absorption maxima as compared to that in nonpolar solvents. 9 Hemi-22 gives absorption maxima at 470, 486, and 500 nm in tetrahydrofuran, ethanol, and chloroform, respectively. The presence of DNA-CTMA or PMMA in the dye solution did not alter the absorption maxima of the dye in the visible region; however, spin coated films resulted in significant changes in the absorption maxima. PMMA films imparted a ⌬ of 30 nm ͑blueshift͒ for the absorption of Hemi-22 while DNA-CTMA caused a ⌬ of 10 nm ͑red-shift͒ in comparison to the solutions. The redshift in the DNA-CTMA films suggests that the dye exists in a more polar, protic microenvironment. The formation of H-type nonfluorescent aggregates is also very common in this class of dyes, exhibiting absorption maxima at ϳ403 nm. Figure  1 shows the absorption spectra of the Hemi-22 at different loading percents in DNA-CTMA and PMMA films. In the a͒ Author to whom correspondence should be addressed. Electronic mail: g.sotzing@uconn.edu. case of PMMA, at higher dye loadings ͓above 2.5% ͑w/w͔͒, a distinct band at 403 nm appeared, indicating the formation of H-aggregates within the films. However, DNA-CTMA films did not show any sign of formation of H-aggregates with loadings up to 10% ͑w/w͒. These results demonstrate that a significant amount of dye loading is possible in the DNA-CTMA matrix without any undesirable aggregate formation. This property is significant in designing DNA based solid state lasers, as aggregates are nonluminescent. They can also act as an internal quencher due to their ability to undergo energy transfer with the monomeric dye. Figure 2 shows the variation of the steady state fluorescence spectra and emission maxima in PMMA and DNA-CTMA films. At all concentrations, compared to PMMA, DNA-CTMA films showed higher fluorescence yields which can be attributed to the absence of aggregated structures in the DNA-CTMA films. The redshift in the emission maxima of DNA-CTMA films is also observed ͑DNA em = 594 nm and PMMA em = 570 nm at 2.5% dye loading͒. As shown in Fig. 2͑c͒ , the emission maxima of the PMMA films is blueshifted at progressively higher dye loading indicating energy transfer between the monomeric dye molecules to the nonradiative H-aggregates. In DNA-CTMA films, even at higher dye loading, the emission maxima are stable at 604 nm. Films prepared with as high as 25% ͑w/w͒ dye loading showed emission maxima at 596 nm. The decrease in emission intensity at higher dye loading is also observed in DNA-CTMA, which can be explained on the basis of the proximity based self quenching of the dye due to energy transfer. Figure 3 shows the loss in absorption of the DNA-CTMA and PMMA films at 2.5% dye loading upon exposure to 365 nm UV light in a laboratory scale ͑UV chamber UVP CL-1000L ultraviolet cross-linker͒. As seen in Fig. 3 , DNA-CTMA films exhibited a remarkable improvement in photostability as compared to PMMA films. After 4 h, PMMA films showed a loss of 93% of the absorption while DNA-CTMA showed 34% loss of the initial absorption. The same trend was observed at different dye loadings from 0.25% to 10%. Increased stability was evident from the change in photoluminescence of the films upon exposure to UV light ͑see Fig. S1 in Ref.
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15͒. These results indicated that a strong interaction exists between the DNA-CTMA matrix and the Hemi-22 dye. This interaction not only prevents aggregate formation in solid state films but also provides conformational restriction resulting in improvements in both the photochemical and photophysical properties of the dye.
In the solution state, no evidence of a change in the dye's microenvironment was observed. This suggests that, in the solution state, the dye existed in a free form and was not strongly associated with the micellar structure of the DNA-CTMA complex. In solution state, DNA is surrounded by a CTMA sheath translating to an elongated form of DNA simultaneously forming DNA-CTMA layered structures in films and fibers. 10 Therefore, it is very likely that the association of the dye and the DNA-CTMA is fixed during the transformation from solution to solid state. Wang et al. 8 observed DNA induced chirality in the achiral Hemi-22 in solid state films of DNA-CTMA, which was not seen in solution. This further suggests that association of DNA-CTMA and Hemi-22 happens upon transition into the solid state.
The dye in the solid state can associate with the DNA-CTMA in various ways, including intercalation, major/minor groove binding and/or in between the surfactant molecules. Kumar et al. 11 showed that a water soluble Hemi-22 analog with a methyl-pyridinium group associates with DNA via minor groove binding. This suggests that the more likely configuration of Hemi-22 is to associate with DNA in the form of minor groove binding while the long alkyl tail is extended into the CTMA layer. It is worth noting that DNA-CTMA is a stoichiometric complex that maintains overall charge neutrality. The observed redshifts in the emission and absorption spectra of the dye in DNA films could be could be attributed to dye binding with DNA base pairs and the DNA groove providing a polar microenvironment. 12 This could explain the role of DNA in the isolation of individual dye molecules and the observed fluorescence enhancement and ASE in Hemi-22 doped DNA-CTMA films. This binding can also provide conformational restriction which can slow down the internal twisting modes of the dye molecule in the excited state, thereby avoiding dye isomerization and leading to improved photostability.
The other factor which can play a role in the enhancement of the dye's photostability is the interaction of DNA with UV light. DNA is a strong UV absorber as a function of the DNA ladder containing aromatics and, further, UV light can damage DNA. 13 Thus, the DNA could potentially act as a UV filter for the dye molecules protecting the dye from alteration. It has also been demonstrated that upon exposure to UV light, solid state films of DNA formed water insoluble 3D cross-linked networks. Such structures can introduce rigidity to the matrix. 14 The combination of these factors results in improved photostability for Hemi-22 within DNA-CTMA.
Although the exact origin of the improved photostability of the dye molecules in the DNA matrix is not very clear at this point, this study highlights the potential use of DNA in solid state lasers. These results will also strengthen the use of dye doped DNA in other device architectures such as photovoltaic cells, optical sensors, lighting, etc. wherein, the stability of organic dye molecules is paramount to utilization. FIG. 3 . Change in absorption spectra upon exposure to UV light of ͑a͒ DNA-CTMA and ͑b͒ PMMA films, loaded with Hemi-22.
